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Abstract: Pediatric sarcomas represent a distinct group of pathologies, with approximately 
900 new cases per year in the United States alone. Radiotherapy plays an integral role in 
the local control of these tumors, which often arise adjacent to critical structures and 
growing organs. The physical properties of proton beam radiotherapy provide a distinct 
advantage over standard photon radiation by eliminating excess dose deposited beyond the 
target volume, thereby reducing both the dose of radiation delivered to non-target structures 
as well as the total radiation dose delivered to a patient. Dosimetric studies comparing 
proton plans to IMRT and 3D conformal radiation have demonstrated the superiority of 
protons in numerous pediatric malignancies and data on long-term clinical outcomes and 
toxicity is emerging. In this article, we review the existing clinical and dosimetric data 
regarding the use of proton beam radiation in malignant bone and soft tissue sarcomas. 
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1. Introduction 

Pediatric sarcomas represent a diverse and challenging group of malignancies. Treatment requires a 
varied, multidisciplinary approach based on histology and location. Adjuvant radiation remains a 
mainstay of local therapy but is associated with significant acute and long-term treatment morbidity 
within multiple organ systems and an increased risk of second malignancy [1]. Advances in surgical 
technique, systemic therapy, and radiotherapy imaging and delivery have increased survival across all 
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sarcoma subtypes. With improved clinical outcomes, greater emphasis becomes focused on reducing 
long-term toxicity in these young patients. Proton therapy has become a useful tool in the drive to limit 
acute and late effects. 

Proton therapy as large field fractionated treatment was first used in clinical practice in the United 
States at the Harvard Cyclotron Laboratory in Cambridge, MA beginning in 1974. To date more than 
74,000 patients have been treated with proton radiotherapy worldwide. Internationally there are 
36 active proton facilities, including 11 within the United States, and additional centers are under 
development. Currently, the capital cost of constructing a multi-gantry proton center exceeds 100 million 
dollars. Newer treatment designs in production aim to decrease this cost, and smaller single-gantry 
facilities are being developed and offered in the range of 20-30 million dollars. At present, the cost 
ratio of delivering a fraction of proton radiation is 2.4 times that of photon radiation [2], although with 
decreasing technical costs this ratio is expected to drop significantly. 

Because the relative biologic effectiveness (RBE) of protons is nearly equivalent to that of 
high-energy X-rays (RBE = 1.1), the interest in protons is based primarily on physical properties that 
provide favorable dose distributions [3]. Compared to photons, protons deposit a nearly constant 
quantity of radiation until the end of the beam range, where the majority of energy is released over a 
short distance called the Bragg Peak, roughly 5-10 mm in length. To cover a target of larger size, 
beam modulation is used to create a "spread out" Bragg Peak (SOBP) that expands the area of 
high-energy deposition to cover the desired target length. As opposed to photon beams which have a 
gradual dose fall off after reaching the target depth in a patient, the Bragg Peak in proton beams leads 
to a complete absence of "exit dose", or dose beyond the target volume. A comparison of depth dose 
curves for a 10 MV photon beam, a 10 MeV proton beam, and SOBP are shown in Figure 1. Through 
the elimination of exit dose, protons can provide significant advantages over photons by decreasing the 
dose to adjacent critical structures such as the spinal cord, brainstem, or kidneys, and allowing for 
increased total dose to be given to the target volume. Further, the "integral dose" or total energy 
deposited in a patient from radiation therapy is decreased significantly. In dosimetric comparisons, the 
integral dose per patient treated with protons is decreased by a factor of 2-3 compared to photon 
therapy [4]. Typically, proton dose is prescribed in cobalt Gray equivalent (CGE) units, using an RBE 
of 1.1. For example, a proton dose of 50.4 CGE represents an energy deposit equivalent to 45.8 Gy of 
photon radiation but has an in vivo effect of 50.4 Gy, attributable to the increased RBE. For clarity and 
ease of presentation, the proton doses discussed in this review will be written using "Gy", but it should 
be noted that the units represent the CGE. 

The potential for reduced secondary malignancy attributable to improved dose distribution with 
proton beam radiation was examined in a publication by Miralbell et al. [5]. Three treatment plans (3D 
conformal photon, IMRT, and proton) were generated and compared for one patient with medulloblastoma, 
and four plans (3D, IMRT, proton, and intensity modulated proton therapy (IMPT)), were created for a 
rhabdomyosarcoma (RMS) of the paranasal sinus. The absolute risks of secondary cancer for each 
treatment plan was estimated based on dose-volume distributions for the non-target organs using 
models from the International Commission on Radiologic Protection. Proton beam reduced the expected 
incidence of radiation-induced secondary cancers for the RMS patient by a factor of more than 2, and 
for the medulloblastoma patient by a factor of 8 to 15 when compared with either IMRT or 3D 
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conformal radiation. Taken together, these properties provide a strong impetus for the use of proton 
therapy in children. 

Figure 1. Comparison of depth dose curves for a 10 MV photon beam and a 10 MeV 
proton beam (shown with and without a SOBP). This figure shows the decreased entrance 
dose and absence of exit dose for the proton beam in comparison to the photon beam. 




DEPTH (cm) 

2. Rhabdomyosarcoma and Soft Tissue Sarcoma 

Rhabdomyosarcoma (RMS) represents the most common pediatric soft tissue sarcoma, with 
approximately 350 new cases per year within the United States [6]. There is a bimodal age distribution, 
with two thirds of the cases occurring before the age of ten, followed by a second peak in adolescence. 
These tumors arise in a variety of locations, including the head and neck (35%), genitourinary tract 
(24%), limbs (19%), and elsewhere (22%), and only one-third are readily resectable [7]. RMS patients 
are stratified into low, intermediate and high-risk groups based on site of origin, size, histology, lymph 
node involvement, metastatic spread, and extent of surgical resection [8]. Patients with low risk disease 
who undergo a complete resection do not need radiation. Low risk patients with a gross total resection 
and positive margins receive 36 Gy, those with positive nodes 41.4 Gy and those with gross residual 
disease 50.4 Gy. Intermediate risk patients, those with alveolar histology or those with gross disease at 
the start of chemotherapy, will receive radiation therapy (RT) regardless of surgical margin status if 
delayed resection is done. Children with orbital primaries are treated to 45 Gy after biopsy alone. All 
patients typically receive VAC- or VAI-(vincristine, dactinomycin, and cyclophosphamide or ifosfamide) 
based chemotherapy. 

As many of these tumors arise in close proximity to critical structures in developing children, the 
incorporation of proton RT into treatment has been explored and the recently closed Children's 
Oncology Group (COG) and International Rhabdomyosarcoma Study Group (IRSG) protocols allowed 
for the use of proton RT to treat patients. At Massachusetts General Hospital (MGH), proton RT has 
been used to treat pediatric RMS patients with protons since the 1990s. The 3-year outcomes for 57 
RMS patients enrolled on a prospective joint proton protocol with MD Anderson Cancer Center 
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(MDACC) between 2005 and 2012 were recently presented in abstract form [9]. Median three-year 
local control (LC), progression free survival (PFS) and overall survival (OS) were 82%, 75%, and 81% 
respectively, comparable to published results from the IRS IV /V trials [10-12]. The protocol included 
those with localized disease and patients with metastatic embryonal RMS between the ages of 2-10 
years. No patients developed acute or late toxicity of grade 4 or 5 and there were three incidences of 
grade 3 late toxicity, related to chronic otitis, cataract, and dry eye in head and neck tumors. 

Several smaller site-specific studies using protons in RMS have been published. A retrospective 
review by Childs et al. of 17 consecutive children with parameningeal rhabdomyosarcoma (PM-RMS) 
that were treated with proton radiotherapy between 1996 and 2005, demonstrated comparable outcomes 
to that seen with standard photon RT [13]. From the photon literature, local control for children 
with PM-RMS ranges from 80%-90%, and the 5 -year failure free survival (FFS) is approximately 
67%, but can drop as low as 52% if a patient has an unfavorable parameningeal site and meningeal 
impingement [1,8,12]. In the proton study, the median age for this study was 3.4 years and mean dose 
was 50.4 Gy (range, 50.4-56.0 Gy). The 5-year failure-free survival was 59%, and overall survival was 
64%. Patients who had intracranial extension at diagnosis (n = 10) had a 5-year FFS of 50% and a 
5-year OS of 60%. Patients without intracranial extension (n = 7) fared better with a 5-year FFS of 
71% and a 5-year OS of 71%. Seven of the 17 patients (41%) had a recurrence at a median time of 
10.5 months (range, 7-18.5 months) after diagnosis. Among the seven patients who failed, sites of first 
recurrence were local only (n = 2), regional only (n = 2), distant only (n = 2), and a single patient 
failed both locally and distant. Ten patients (59%) were without tumor recurrence at study completion 
and available for late toxicity evaluation. Among these patients, late effects of multimodality treatment 
included mild facial hypoplasia (n = 7), lack of permanent tooth eruption (n = 3), decreased height 
velocity (n = 3), endocrinopathies (n = 2) and chronic sinus congestion (n = 2). These numbers 
compare favorably to long term studies of traditional photon based treatment where late toxicity for 
head and neck patients included hearing loss (17%-20%), learning disabilities (10%-49%), facial/orbital 
hypoplasia (34%-36%) visual problems (17%— 30%), decreased height velocity (30%— 61%) and poor 
dentition (23%-29%) [14,15]. 

A separate dosimetric comparison of proton and intensity-modulated photon radiotherapy for 
10 pediatric PM-RMS patients was also published by the same group [16]. Each patient was treated 
with protons, and the proton treatment plan was then compared to an IMRT plan generated for study 
purposes. In nine cases, the prescribed GTV dose was 50.4 Gy in 28 fractions. In the remaining case, 
the prescribed GTV dose was 52.2 Gy in 29 fractions. The median CTV prescription dose was 47.7 Gy 
(range, 36-52.2 Gy). Comparative beam arrangements were given for each proton and photon plan and 
on average five beams were used in the proton plans and four were used in the photon plans. 

Eight patients in this cohort had radiographic evidence of intracranial extension. Proton treatment 
yielded equivalent target coverage while significantly decreasing dose to the optic structures (globe, 
lens, optic nerves, optic chiasm, and retina), the hypothalamic-pituitary axis, the brainstem, temporal 
lobes, cochlea, lacrimal glands, and parotids. Although direct comparison of clinical outcomes could 
not be done, some differences between the proton and photon plans were quite striking. With regards 
to lens dose and cataract risk, only one proton plan had a lens dose higher than 5 Gy, whereas in the 
photon plans 80% of ipsilateral lenses and 60% of contralateral lenses received above 5 Gy. Cochlear 
dose associated with hearing loss is minimized at doses less than 32 Gy, and no proton plans had a 
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mean contralateral dose above 27 Gy whereas 50% of photon plans had a contralateral cochlear dose 
over 32 Gy. Similarly, for contralateral parotid glands where long-term salivary dysfunction begins at 
26-30 Gy, the mean proton dose never exceeded 13 Gy whereas the mean dose for the IMRT plans 
was greater than 26 Gy for 70% of cases. And finally, the mean dose to the hypothalamus was 12 Gy 
for protons vs. 22.4 Gy for IMRT. Merchant et al. recently published data showing that a cumulative 
dose of 16.1 Gy to the hypothalamus was the mean radiation dose required to achieve a 50% risk of 
growth hormone deficiency at 5 years [17]. 

The proton experience for orbital RMS was reported by Yock et al. [18]. Seven children were treated 
to a median dose of 46.6 Gy with a median follow-up of 6.3 years. Six of the seven patients were 
without evidence of disease and the remaining child was salvaged with exenteration and stereotactic 
radiosurgery after local recurrence. The child with local failure had a two unfavorable prognostic 
factors going into RT; progression during chemotherapy and an age less than 1 year. Late effects of 
treatment were minimal. All six patients retained good vision in the treated eye and two of the six 
required drops for lubrication but none demonstrated corneal pathology or dry eye syndrome. All 
patients did develop mild to moderate orbital bony asymmetry or enophthalmous. None of the patients 
developed neuroendocrine deficits. In the early IRS trials (I— III), diminished height velocity, a marker 
for hypothalamic-pituitary dysfunction, was 48%— 61% for orbital tumors and in more recent IMRT 
trials including orbital tumors, neuroendocrine dysfunction has ranged from 3%-10% for the small 
number of patients analyzed [14,15,19,20]. In the publication, the authors also compared the proton 
plans used for treatment to 3D conformal plans generated for the study. Proton radiation markedly 
decreased dose to the brain, temporal lobes, hypothalamic-pituitary axis, and both the ipsilateral and 
contralateral orbital structures with an average percent savings of 82%-94% for CNS structures and 
26%-65% for ipsilateral orbital structures. 

Finally, Cotter et al. reported the outcomes of for seven children treated with protons for 
bladder/prostate RMS with a median follow-up of 27 months [21]. Patients had a mean age of 30 months 
(range: 11-70) and radiation dose ranged from to 36 to 50.4 Gy. Five of seven patients (71.4%) were 
without evidence of disease with intact bladders at study completion. One patient had a local recurrence 
in the treatment field, while a second had a local and a distant recurrence. Two of the five patients with 
intact bladders at the end of treatment reported bladder dysfunction, both of which were attributable to 
prior surgical procedures. No long-term skeletal or gastrointestinal effects were noted, and all patients 
were too young to assess sexual function. IMRT plans were created for study purposes and compared 
to the proton plans used for treatment. Proton radiotherapy showed a statistically significant decrease 
in mean organ dose to the bladder (median proton dose of 25 Gy vs. median IMRT dose of 33.2 Gy; 
p = 0.03), testes (0.0 CGE vs. 0.6 Gy; p = 0.016), femoral heads (1.6 Gy vs. 10.6 Gy; p = 0.016), 
pelvic growth plates (21.7 Gy vs. 32.4 Gy; p = 0.016), and pelvic bones (8.8 Gy vs. 13.5 Gy; 
p = 0.016). There were no significant differences seen in dose to the bowel, prostate, penile bulb, 
and rectum. 

Pelvic dose sparing in sarcoma treated with protons was also demonstrated in a dosimetric analysis 
from MD Anderson Cancer Center [22]. A total of three patients with pelvic sarcomas, including one 
RMS, were planned using various techniques and demonstrated a marked reduction in ovarian dose 
with protons compared to both 3D conformal and IMRT. Protons allowed for complete sparing of dose 
to the ovaries while IMRT led to 100% of the ovarian volume receiving 2 Gy and 30% receiving a 
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mean dose of 5 Gy. Significant dose sparing to the pelvic bones and vertebral bodies was also 
demonstrated with protons, and the mean volume receiving 20 Gy was 13% and 29% with IMRT vs. 
5% and 9% with protons. IMRT was associated with slightly better bladder sparing in these cases with 
2% vs. 8% receiving 40 Gy and 0% vs. 4% receiving 45 Gy. Some examples of comparative proton 
and photon plans are shown in Figure 2. 

Figure 2. Isodose comparisons for photon and proton plans. (A) Typical parameningeal 
(left) and orbital (right) plans for pediatric RMS. IMRT plans are shown above and proton 
plans for the same patient seen below; (B) A pelvic sarcoma with comparative photon and 
proton plans shown in three planes. 




3. Non-Rhabdomyosarcoma Soft Tissue Sarcoma 

Non-rhabdomyosarcoma soft tissue sarcomas (NRSTS) comprise about 4% of childhood malignancies 
and affect approximately 500 children under the age of 20 years in the United States each year [6]. 
The estimated 5 -year survival of children and adolescents with non-metastatic NRSTS is roughly 
80% [23,24]. The chance of cure is largely affected by surgical resectability, as children with grossly 
resected non-metastatic tumors have a 5-year estimated survival of 89%, compared with 56% for 
initially unresected tumors [25]. Radiation as an adjuvant is typically given to unresectable tumors, 
high-grade tumors less than 5 cm with involved surgical margins, or high-grade tumors greater than 
5 cm regardless of margin status, and can be used pre-operatively with chemotherapy for delayed 
surgery in initially unresected disease. The doses of radiation used in the recently closed COG study 
for non-rhabdomyosarcomas ARST 0332 ranged from 45 Gy pre-operatively to 55.8 Gy for microscopic 
residual and 64.8 Gy for gross disease. Anthracycline based chemotherapy can be given for large, 
high-grade tumors or metastatic disease. A pooled analysis of the European and US experience with 
pediatric NRSTS from 1980-2005 demonstrated a significant survival advantage to adjuvant radiation 
after incomplete resection [26]. In the study published by Ferrari et al, the 5-year OS was 35% for 
those that did not receive radiation compared to 69% for those that did receive radiation, and this 
significance was retained on multivariate analysis. 
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Few studies of late effects in children and adolescents treated for NRSTS have been published and 
long-term quality of life and functional outcomes in this population are largely unknown. The recently 
closed COG protocol ARST 0332 aimed to reduce long-term toxicity by omitting chemotherapy and/or 
radiation in certain low to moderate risk presentations and will systematically evaluate the acute and 
long-term sequelae of treatment. Proton therapy was incorporated into the protocol and will be 
examined. Although to our knowledge there are no existing proton series dedicated to pediatric NRSTS, 
studies in adult paraspinal NRSTS treated with protons have found comparable local control and 
excellent toxicity profiles, and total integral dose and mean dose to the organs at risk were consistently 
shown to be reduced by a factor of 1.3 to 25 in dosimetric studies [27,28]. 

4. Osteosarcoma 

Within the United States, approximately 650-700 malignant bone tumors are diagnosed in patients 
under 20 years, of which 400 (56%) are osteosarcoma (OSA) [29]. Traditionally, osteosarcoma has 
been viewed as a radioresistant tumor [30] and radiation has been used most successfully in the 
adjuvant and palliative setting [31]. A role for post-operative radiation in OSA of the head and neck, 
where gross total resection is frequently unattainable, was demonstrated by Guadagnolo et al. in their 
review of 119 adult and pediatric patients treated at MDACC with photon RT [32]. In the study, 
92 (77%) patients underwent surgery alone, and 27 (23%) were treated with surgery and radiation 
(mean dose = 60 Gy). Compared to surgery alone, RT improved 5-year OS (80% vs. 31%), DSS (80% 
vs. 35%) and LC (75% vs. 24%) for patients with positive or uncertain resection margins. Despite 
improvements with adjuvant RT, local control still remains a significant problem and survival after 
local failure is typically as poor as with metastatic disease. Therefore, there exists great interest in 
using charged particle therapy to escalate dose to residual tumor and/or resection bed. 

The largest experience with protons and osteosarcoma comes from a retrospective series of 55 patients 
treated at MGH between 1983 to 2009 with proton therapy or mixed photon-proton radiotherapy [33]. 
This cohort included pediatric and adult patients with a median age of 29 years (range, 2 to 76 years) 
with OSA of the pelvis, spine, ribs, skull, and facial bones. Most patients had positive surgical margins 
(49.1%) following surgery and the remainder had biopsy only or minor a resection with residual gross 
tumor. Radiation dose ranged from 50.4 Gy to 80 Gy; 40% patients received a dose between 60 Gy 
and 70 Gy and 50.1% received a total dose of >70 Gy. Only 11 patients (20%) received proton only 
RT and the majority of these had primary tumors of the skull and face. Preoperative RT was used in 
13% of cases with a dose of 19.8 Gy. MGH often utilizes a low dose pre-operative regimen with the 
goal of reducing intraoperative tumor seeding while protecting post-operative wound healing. All 
patients received neoadjuvant anthracycline based chemotherapy. 

Clinical outcomes were excellent with 3 and 5 year local control rates of 82% and 72% respectively. 
Twelve patients failed locally and 10 were within the treatment field while two were considered 
marginal failures. Of those that recurred locally, 67% were tumors arising from bones of the skull and 
on multivariate analysis, skull primaries were associated with a hazard ratio of 2.6. At 5 years, DFS 
was 65% and OS rate was 67%. With regard to late effects, 17 patients (31%) developed grade 3 or 4 
toxicity and in 10 patients (24%) the late effects were attributable to radiation. Grade 3 toxicity consisted 
of severe pain (n = 3), diplopia (n = 1), immobility of limb {n = 2), severe bowel dysfunction due to 
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denervation (n = 1), and severe headaches (n = 1). Grade 4 toxicity, defined as a loss of organ or organ 
function, was seen in nine patients. Enucleation after RT was required in four patients, one patient 
suffered from ipsilateral loss of vision and orbital pain, and one patient suffered from ipsilateral 
hearing loss and blindness. Two patients were severely handicapped because of immobility or 
impairment of gait. One patient suffered from extensive structural alteration of the maxillary bone 
needing repeated adaptation of the prosthesis. Second malignancy was seen in two patients; one patient 
developed acute lymphocytic leukemia a year and a half after treatment, and the other patient died 
from a secondary squamous cell carcinoma of the maxilla 16 years after completion of therapy. 

In comparing outcomes from this study to prior OS A outcomes published by MGH, the 5 -year LC 
improved from 68% to 72%, despite retaining 40 of the original patients in both studies [34]. The 
improvement was attributed to the higher RT dose used in the more recent patients and suggests that 
dose escalation allowed by proton RT will continue to play a role in the advancement of OSA 
treatment. Further, a meta-analysis done by the authors showed that as doses reached 70 Gy or higher, 
the benefit of surgical resection prior to RT lost significance. With limited data available, the careful 
weighing of potential surgical morbidity against the potential late effects of high dose RT should be 
done before treatment decisions are made. 

5. Ewing Sarcoma 

Ewing sarcoma represents a promising target for improving patient outcomes using proton RT. 
With 200 cases per year in the US, it is the second most common primary bone tumor after osteosarcoma 
and comprises 34% of pediatric bone tumors and 3% of all childhood cancers. The majority of patients 
(approximately 85%) present with primary bone tumors but isolated soft tissue tumors are also observed. 
Primary sites typically include the pelvic bones (23%), femur (18%), ribs (13%), tibia (10%) and 
humerus (7%), but tumors can arise from the head, neck, and skull as well. Radiation is used in 
conjunction with chemotherapy in 60% of Ewing's cases, either after resection for close/involved 
margins or as definitive therapy in unresectable disease [35-39]. With 5 year survival for localized 
disease at an upwards of 60%-70%, reduction of late toxicity to normal tissue has become a major 
investigational goal [40-45]. Further, the need for doses up to 60 Gy and the frequency of primary sites 
in the pelvis, head and neck, base of skull, and spine make protons an ideal modality in young patients. 

The only existing proton series dedicated to pediatric Ewing sarcoma was recently published by 
Rombi et al. The authors retrospectively reviewed 30 pediatric Ewing cases treated with protons between 
2003 and 2009 [46]. Most cases arose in the spine {n = 14) with other sites including pelvic {n = 4), 
head and neck/orbital (n = 4), base of skull {n = 3), cranial (n = 4) and chest wall (n = 1). Gross total 
resection or near total resection was achieved in only two patients and the majority of patients (17/30) 
had a biopsy only. Median follow up was 38.4 months all patients received proton RT (median dose 
54 Gy, range 45-58 Gy) and chemotherapy. The 3-year rates of LC, EFS, and OS were 86%, 60%, and 
89%, respectively. Late sequelae seen consisted of five patients with scoliosis/kyphosis (three mild, one 
moderate, one severe) and all five had vertebral body primaries with laminectomy prior to RT. One 
patient with an orbital tumor developed epiphora from canicular stenosis and a left lid lag requiring 
gold seed placement after surgery and RT, and a second orbital patient developed a corneal ulcer. 
Endocrine deficiency was seen in two patients treated to cranial/base of skull tumors and high 
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frequency hearing loss was seen in one patient with a head and neck tumor. Four patients also developed 
secondary hematologic malignancies attributable to chemotherapy. 

MGH has also reported outcomes for two patients with Ewing sarcoma involving the sinonasal 
cavity and anterior skull base [47] and MDACC included one pelvic Ewing patient in adosimetric 
review of protons [22]. 

6. Chordoma and Chondrosarcoma 

Chordomas and chondrosarcomas most commonly arise in adults, with a peak incidence in the 
fourth and fifth decade [48,49]. Fewer than 5% of these tumors are diagnosed in patients under 
20 years of age. In children, chordomas arise more commonly in the spheno-occipital region, rather 
than the sacral predominance seen in adults, but can be found throughout the spine and sacrum [50]. 
Chordomas in the pediatric population can behave more aggressively than in adults, presenting with a 
shorter history of symptoms, a shorter interval to progression after surgery, and a higher rate of 
metastatic disease, especially in those under 5 years of age [51,52]. Whereas chordomas arise from 
notochord remnants within the axial skeleton, chondrosarcomas originate from cartilaginous elements 
within bone and are seen most often in the pelvis and femur but can occur in any number of locations, 
including the base of skull. The rates of long-term local control following treatment with surgery and 
radiation are significantly higher with chondrosarcoma than chordoma, ranging from 85%— 100%, and 
systemic therapy can be used in select situations [53-55]. 

Management of chordoma and chondrosarcoma relies heavily upon surgery as primary treatment. 
Despite advances in microscopic and image-guided neurosurgical procedures, complete resection in 
these tumors is achieved in only 50%-70% of cases, depending on location. Even with complete surgical 
resection, local recurrence ranges from 40%-60% [56-58]. Following surgery, RT is indicated for the 
presence of gross or microscopic residual disease, or in cases where violation of the tumor capsule has 
occurred and there is concern for contamination. Radiation combined with surgery has been shown to 
reduce local recurrence rates and proton RT has repeatedly demonstrated the ability to safely treat 
adult skull base patients and achieve higher local control than photon RT [59,60]. In a systematic 
review of all the major published chordoma series, the benefit of proton RT was demonstrated with an 
overall 5 year LC/OS of 36%/54% for photons vs. 64%/80% for protons [59]. This benefit of RT has 
also been demonstrated in pediatric photon series and there is some data to suggest children have 
improved responses to radiation compared to their adult counterparts [51,61]. 

The published data for the use of protons with chordoma and chondrosarcoma is mainly limited to 
cranio-cervical disease. Halbrand et al. published their experience with 30 pediatric patients from 
l'lnstitut Curie in Orsay, France [62]. Children with tumors of the base of skull and cervical canal 
(26 chordoma and 4 chondrosarcoma), were treated with combination photon-proton RT following 
incomplete surgical resection. The mean total dose was 68.3 Gy although a cone down to the GTV was 
made after 55 Gy. The maximum dose constraints were maintained at <56 Gy to the optic nerves and 
optic chiasm, <64 Gy to the anterior aspect of the brain stem, and at <56 Gy to the mid-brainstem. 
Mean follow up was 26.5 months (range, 5-102 months). Local control was 83% with all five failures 
seen in chordoma patients. Three of the failures were in field, one was a marginal failure, and one 
patient experienced seeding along the surgical path. The 5 year OS/PFS was 100%>/100%> for 
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chondrosarcoma and 81%/77% for chordoma. Toxicity was remarkably low in this series with no child 
experiencing greater than grade 2 CTCAE acute toxicity. Late toxicity consisted of unilateral hearing 
loss in one patient and grade 2 endocrine dysfunction in seven patients. Four patients experienced 
unilateral blindness yet all had reported this lack of vision prior to beginning RT. 

Hug et al. reported a series of pediatric skull base tumors treated with protons at MGH and Loma 
Linda that included 10 chordomas and 3 chondrosarcomas, followed for a median of 40 months [63]. 
Recurrent disease was treated in 6 patients and all patients had evidence of gross residual disease at the 
time of radiation. All patients underwent resection or biopsy prior to RT. A dose of 78.6 Gy for 
chordoma and 70 Gy for chondrosarcoma was attempted, although the median dose for the chordoma 
cohort was 73.7 Gy. More than half of these patients were treated with a mixed photon/proton plan. 
Normal tissue dose constraints were 60 Gy maximum to optic nerves and optic chiasm, 64 Gy to the 
brainstem and spinal cord surface, and 53 Gy to brainstem and spinal cord center. Local control was 
60% and overall survival was 60% for the chordoma patients. The chondrosarcomas again faired better 
with all three patients achieving a local control and an overall survival of 100%. No correlation was 
found between outcome and tumor size, duration of symptoms, or treatment for primary vs. recurrent 
disease, but female patients did have a statistically significant increased rate of progression. Acute 
effects from treatment were generally related to epilation and mucositis and all resolved after treatment 
completion. One patient did developed severe headaches within 4 weeks of proton RT and required 
analgesic treatment with resolution after several weeks. Severe late effects were seen in one chordoma 
patient after 75.4 Gy who developed cerebellar and brainstem parenchymal damage 16 months after 
treatment, resulting in right-sided motor weakness and ataxia. The authors note that this patient had 
three separate neurosurgical resections for progressive disease prior to radiation and that patients with 
more than two procedures prior to RT have been shown to demonstrate a higher rate of radiation 
induced brainstem damage [64]. 

The MGH later updated their pediatric series in a clinic-pathologic study published by Hoch et al. 
in 2006 to include 73 base of skull chordoma patients [52]. With a median follow up of 7.25 years, the 
overall survival rate was reported to be 81% for patients treated with surgery and protons or a 
combined proton/photon plan. It was noted by the authors that the 5-year survival rate for a similar 
cohort of 125 adults with base of skull chordomas treated at MGH with surgery and proton beam 
radiation was 55% [65], potentially illustrating the possibility of improved response to RT in pediatric 
patients. It should be pointed out that two institutions have subsequently published adult series 
combining surgery and proton RT for base of skull chordomas with 3 and 5 year survival rates of 
greater than 80%, though the number of patients in each series were much fewer [66,67]. The authors 
also performed an in depth histopathologic review of the individual tumors and divided them into 
"conventional", "chondroid", "cellular", or "poorly differentiated" subtypes and reported the results. 
Of those who eventually died of disease, 14% were conventional chordoma, 18% were chondroid 
chordoma, 83% were poorly differentiated chordoma, and none were cellular chordoma. Further the 
average age of those with poorly differentiated chordoma was significantly younger than the rest of the 
cohort (4.8 years), and was hypothesized to account for the poor outcomes seen with pediatric chordomas 
under the age of 5 years. In the pediatric age group, metastatic disease has been documented to occur 
in up to 57.9% of patients under 5 years of age compared with only 8.5% of children 5 years or older, 
which the authors again hypothesize could be related to the prevalence of poorly differentiated histology. 
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Similar results for were reported by Rutz et al. at the Paul Scherrer Institute in Switzerland for 
10 pediatric patients (six chordomas, four chondrosarcomas) that included extracranial tumors [67]. 
Tumors treated were found in the brain (n = 1), skull base (n = 5), cervical spine (n = 3), and lumbar 
spine (n = 1). Complete resection was achieved in 3/10 children. Proton dose was 74.0 Gy for 
chordoma and 63.2-68.0 Gy for chondrosarcoma (median, 66.0 Gy), depending on histopathological 
grading and concurrent chemotherapy. Median follow-up time was 36 months (range, 8-77 months) 
and all patients were alive at last follow up without local or distant recurrence. Two patients experienced 
mild late adverse events with the first patient having neurosensory changes, alopecia and hypoaccusis 
and the second patient having grade 2 pituitary insufficiency. 

7. Conclusions 

Currently, there is sufficient data to suggest that in most pediatric cancers, sarcoma and otherwise, 
proton beam radiation delivers plans with superior dosimetric properties, specifically a reduced 
integral dose and reduced dose to organs at risk. Initial clinical data with protons and soft tissue 
sarcoma appears to show either equivalence or improvement in outcomes when compared to historical 
photon controls, and toxicity may be reduced. In the setting of bone and cartilaginous sarcomas a 
clearer advantage exists, mainly due to the ability to increase total dose while respecting the normal 
tissue tolerance of adjacent structures. Direct comparisons of proton and photon toxicity are plagued 
by historical differences in surgical technique, systemic therapy, and radiation delivery, as well as by 
institutional differences in the collection and scoring of toxicity data. The relatively recent incorporation 
of proton therapy into the majority of the COG protocols will likely provide the most accurate and 
applicable assessment of proton benefit. Further, almost all children with sarcoma treated with protons 
are now being enrolled on institution specific clinical and quality of life protocols, and long-term data 
will continue to emerge in the coming years. As more centers acquire proton capabilities and comparative 
costs drop, it is reasonable to expect widespread adoption of protons in a majority of pediatric sarcomas. 

Acknowledgments 

The authors would like to thank Amy Cook for her help with graphics and design. 
Conflicts of Interest 

The authors have no conflicts of interest to report. 
References 

1. Schwartz, C.L. Long-term survivors of childhood cancer: The late effects of therapy. Oncologist 
1999, 4, 45-54. 

2. Goitein, M.; Jermann, M. The relative costs of proton and x-ray radiation therapy. Clin. Oncol. 
2003, 15, S37-S50. 

3. Pagnetti, H.; Niemierko, A.; Ancukiewitz, M.; Gerweck, L.E.; Goitein, M.; Loeffier, G.S.; Suit, H.D. 
Relative biological effectiveness (RBE) values for proton beam radiotherapy. Int. J. Radiat. 
Oncol. Biol. Phys. 2002, 53, 407-421. 



Cancers 2014, 6 



123 



4. Lomax, A.J.; Bortfeld, T.; Goitein, G.; Debus, J.; Dykstra, C; Tercier, P.A.; Coucke, P.A.; 
Mirimanoff, R.O. A treatment planning inter-comparison of proton and intensity modulated 
photon radiotherapy. Radiother. Oncol. 1999, 51, 257-271. 

5. Miralbell, R.; Lomax, A.; Cell, C; Schneider, U. Potential reduction of the incidence of radiation 
induced second cancers by using proton beams in the treatment of pediatric tumors. Int. J. Radiat. 
Oncol. Biol. Phys. 2002, 54, 824-829. 

6. Ries, LA., Smith, M.A., Gurney, J.G., Linet, M., Tamra, T., Young, J.L., Bunin, G.R., Eds. 
Cancer Incidence and Survival among Children and Adolescents: United States SEER Program 
1975-1995, National Cancer Institute, SEER Program; NIH Publication: Bethesda, MD, USA, 
1999; No. 99-4649. 

7. Pappo, A.S.; Shapiro, D.N.; Crist, W.M.; Maurer, H.M. Biology and therapy of pediatric 
rhabdomyosarcoma. J. Clin. Oncol. 1995, 13, 2123-2139. 

8. Raney, R.B.; Anderson, J.R.; Barr, F.G.; Donaldson, S.S.; Pappo, A.S.; Qualman, S.J.; Wiener, E.S.; 
Maurer, H.M.; Crist, W.M. Rhabdomyosarcoma and undifferentiated sarcoma in the first two 
decades of life: A selective review of intergroup rhabdomyosarcoma study group experience and 
rationale for Intergroup Rhabdomyosarcoma Study V. J. Pediatr. Hematol. Oncol. 2001, 23, 
215-220. 

9. Ladra, M.; Szymonifka, J.; MacDonald, S.H.; Yong Yeap, B.; Friedmann, A.M.; Kasper, H.; 
Mahajan, A.; Grosshans, D.; Tarbell, N.; Yock, T.I. Proton Radiation Therapy for 
Rhabdomyosarcoma: Preliminary Results From a Multicenter Prospective Study. Int. J. Radiat. 
Oncol. Biol. Phys. 2013, 87, S597-S598. 

10. Crist, W.M.; Anderson, J.R.; Meza, J.L.; Fryer, C; Raney, R.B.; Ruymann, F.B.; Breneman, J.; 
Qualman, S.J.; Wiener, E.; Wharam, M.; et al. Intergroup rhabdomyosarcoma study-IV: Results 
for patients with nonmetastatic disease. J. Clin. Oncol. 2001, 19, 3091-3102. 

11. Arndt, C.A.; Stoner, J.A.; Hawkins, D.S.; Rodeberg, DA.; Hayes- Jordan, A.A.; Paidas, C.N.; 
Parham, D.M.; Teot, LA.; Wharam, M.D.; Breneman, J.C.; et al. Vincristine, actinomycin, and 
cyclophosphamide compared with vincristine, actinomycin, and cyclophosphamide alternating 
with vincristine, topotecan, and cyclophosphamide for intermediate-risk rhabdomyosarcoma: 
Children's oncology group study D9803. J. Clin. Oncol. 2009, 27, 5182-5188. 

12. Pappo, A.S.; Lyden, E.; Breitfeld, P.; Donaldson, S.S.; Wiener, E.; Parham, D.; Crews, K.R.; 
Houghton, P.; Meyer, W.H. Two consecutive phase II window trials of irinotecan alone or in 
combination with vincristine for the treatment of metastatic rhabdomyosarcoma: The Children's 
Oncology Group. J. Clin. Oncol. 2007, 25, 362-369. 

13. Childs, S.K.; Kozak, K.R.; Friedmann, A.M.; Yeap, BY.; Adams, J.; Macdonald, S.M.; 
Liebsch, N.J.; Tarbell, N.J.; Yock, T.I. Proton radiotherapy for parameningeal rhabdomyosarcoma: 
Clinical outcomes and late effects. Int. J. Radiat. Oncol. Biol. Phys. 2011, 82, 635-642. 

14. Paulino, A.C.; Simon, J.H.; Zhen, W.; Wen, B.C. Long-term effects in children treated with 
radiotherapy for head and neck rhabdomyosarcoma. Int. J. Radiat. Oncol. Biol. Phys. 2000, 48, 
1489-1495. 



Cancers 2014, 6 



124 



15. Raney, R.B.; Asmar, L.; Vassilopoulou-Sellin, R.; Klein, M.J.; Donaldson, S.S.; Green, J.; Heyn, R.; 
Wharam, M.; Glicksman, A.S.; Gehan, E.A.; et al. Late complications of therapy in 213 children 
with localized, nonorbital soft-tissue sarcoma of the head and neck: A descriptive report from the 
Intergroup Rhabdomyosarcoma Studies (IRS)-II and -III. Med. Pediatr. Oncol. 1999, 33, 362-371. 

16. Kozak, K.R.; Adams, J.; Krejcarek, S.J.; Tarbell, N.J.; Yock, T.I. A dosimetric comparison of 
proton and intensity-modulated photon radiotherapy for pediatric parameningeal rhabdomyosarcomas. 
Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 179-186. 

17. Merchant, T.E.; Rose, S.R.; Bosley, C; Wu, S.; Xiong, X.; Lustig, R.H. Growth hormone 
secretion after conformal radiation therapy in pediatric patients with localized brain tumors. 
J. Clin. Oncol. 2011, 29, 4776-4780. 

18. Yock, T.; Schneider, R.; Friedmann, A.; Adams, J.; Fullerton, B.; Tarbell, N. Proton radiotherapy 
for orbital rhabdomyosarcoma: Clinical outcome and a dosimetric comparison with photons. 
Int. J. Radiat. Oncol. Biol. Phys. 2005, 63, 1 161-1 168. 

19. Heyn, R.; Ragab, A.; Raney, R.B., Jr.; Ruymann, F.; Tefft, M.; Lawrence, W., Jr.; Soule, E.; 
Maurer, H.M. Late effects of therapy in orbital rhabdomyosarcoma in children: A report from the 
Intergroup Rhabdomyosarcoma Study. Cancer 1986, 57, 1738-1743. 

20. Wolden, S.L.; Wexler, L.H.; Kraus, D.H.; Laquaglia, M.P.; Lis, E.; Meyers, PA. Intensity-modulated 
radiotherapy for head-and-neck rhabdomyosarcoma. Int. J. Radiat. Oncol. Biol. Phys. 2005, 61, 
1432-1438. 

21. Cotter, S.E.; Herrup, DA.; Friedmann, A.; Macdonald, S.M.; Pieretti, R.V.; Robinson, G.; 
Adams, J.; Tarbell, N.J.; Yock, T.I. Proton radiotherapy for pediatric bladder/prostate 
rhabdomyosarcoma: Clinical outcomes and dosimetry compared to intensity-modulated radiation 
therapy. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, 1367-1373. 

22. Lee, C.T.; Bilton, S.D.; Famiglietti, R.M.; Riley, B.A.; Mahajan, A.; Chang, EX.; Maor, M.H.; 
Woo, S.Y.; Cox, J.D.; Smith, A.R. Treatment planning with protons for pediatric retinoblastoma, 
medulloblastoma, and pelvic sarcoma: How do protons compare with other conformal techniques? 
Int. J. Radiat. Oncol. Biol. Phys. 2005, 63, 362-372. 

23. Spunt, S.L.; Hill, DA.; Motosue, A.M.; Billups, C.A.; Cain, A.M.; Rao, B.N.; Pratt, C.B.; 
Merchant, T.E.; Pappo, A.S. Clinical features and outcome of initially unresectednonmetastatic 
pediatric nonrhabdomyosarcoma soft tissue sarcoma. J. Clin. Oncol. 2002, 20, 3225-3235. 

24. Spunt, S.L.; Poquette, C.A.; Hurt, Y.S.; Cain, A.M.; Rao, B.N.; Merchant, T.E.; Jenkins, J.J.; 
Santana, V.M.; Pratt, C.B.; Pappo, A.S. Prognostic factors for children and adolescents with 
surgically resected nonrhabdomyosarcoma soft tissue sarcoma: An analysis of 121 patients treated 
at St Jude Children's Research Hospital. J. Clin. Oncol. 1999, 17, 3697-3705. 

25. Pappo, A.S.; Rao, B.N.; Jenkins, J.J.; Merchant, T.; Poquette, C.A.; Cain, A.; Pratt, C.B. 
Metastatic nonrhabdomyosarcomatous soft-tissue sarcomas in children and adolescents: The St. 
Jude Children's Research Hospital experience. Med. Pediatr. Oncol. 1999, 33, 76-82. 

26. Ferrari, A.; Miceli, R.; Rey, A.; Oberlin, O.; Orbach, D.; Brennan, B.; Mariani, L.; Carli, M.; 
Bisogno, G.; Cecchetto, G; et al. Non-metastatic unresectedpaediatric non-rhabdomyosarcoma soft 
tissue sarcomas: Results of a pooled analysis from United States and European groups. 
Eur. J. Cancer 2011, 47, 724-731. 



Cancers 2014, 6 



125 



27. Weber, D.C.; Trofimov, A.V.; Delaney, T.F.; Bortfeld, T. A treatment planning comparison of 
intensity modulated photon and proton therapy for paraspinal sarcomas. Int. J. Radiat. Oncol. 
Biol. Phys. 2004, 58, 1596-1606. 

28. Weber, D.C.; Rutz, H.P.; Bolsi, A.; Pedroni, E.; Coray, A.; Jermann, M.; Lomax, A.J.; Hug, E.B.; 
Goitein, G. Spot scanning proton therapy in the curative treatment of adult patients with sarcoma: 
The Paul Scherrer institute experience. Int. J. Radiat. Oncol. Biol. Phys. 2007, 69, 865-871. 

29. SEER Pediatric Monograph on Malignant Bone Tumors. Available online: http://seer.cancer.gov/ 
publications/childhood/bone.pdf (accessed on 17 December 2013). 

30. Ogawa, Y.; Takahashi, T.; Kobayashi, T.; Kariya, S.; Nishioka, A.; Hamasato, S.; Moriki, T.; 
Seguchi, H.; Yoshida, S.; Sonobe, H. Immunocytochemical characteristics of human osteosarcoma 
cell line HS-Os-1: Possible implication in apoptotic resistance against irradiation. Int. J. Mol. 
Med. 2004, 14, 397-403. 

31. Mahajan, A.; Woo, S.Y.; Kornguth, D.G.; Hughes, D.; Huh, W.; Chang, E.L.; Herzog, C.E.; 
Pelloski, C.E.; Anderson, P. Multimodality treatment of osteosarcoma: Radiation in a high-risk 
cohort. Pediatr. Blood Cancer 2008, 50, 976-982. 

32. Guadagnolo, B.A.; Zagars, G.K.; Raymond, A.K.; Benjamin, R.S.; Sturgis, E.M. Osteosarcoma 
of the jaw/craniofacial region: Outcomes after multimodality treatment. Cancer 2009, 115, 
3262-3270. 

33. Ciernik, I.F.; Niemierko, A.; Harmon, D.C.; Kobayashi, W.; Chen, Y.L.; Yock, T.I.; Ebb, D.H.; 
Choy, E.; Raskin, K.A.; Liebsch, N.; et al. Proton-based radiotherapy for unresectable or 
incompletely resected osteosarcoma. Cancer 2011, 117, 4522-4530. 

34. DeLaney, T.F.; Park, L.; Goldberg, S.I.; Hug, E.B.; Liebsch, N.J.; Munzenrider, J.E.; Suit, H.D. 
Radiotherapy for local control of osteosarcoma. Int. J. Radiat. Oncol. Biol. Phys. 2005, 61, 
492-498. 

35. Cotterill, S.J.; Ahrens, S.; Paulussen, M.; Jiirgens, H.F.; Voute, PA.; Gadner, H.; Craft, A.W. 
Prognostic factors in Ewing's tumor of bone: Analysis of 975 patients from the European 
Intergroup Cooperative Ewing's Sarcoma Study Group. J. Clin. Oncol. 2000, 18, 3108-3114. 

36. Donaldson, S.S.; Torrey, M.; Link, M.P.; Glicksman, A.; Gilula, L.; Laurie, F.; Manning, J.; 
Neff, J.; Reinus, W.; Thompson, E.; et al. A multidisciplinary study investigating radiotherapy in 
Ewing's sarcoma: End results of POG #8346. Pediatric Oncology Group. Int. J. Radiat. Oncol. 
Biol. Phys. 1998, 42, 125-135. 

37. Shankar, AG; Pinkerton, C.R.; Atra, A.; Ashley, S.; Ashley, S.; Lewis, I.; Spooner, D.; Cannon, S.; 
Grimer, R.; Cotterill, S.J.; Craft, A.W.; et al. Local therapy and other factors influencing site of 
relapse in patients with localised Ewing's sarcoma. United Kingdom Children's Cancer Study 
Group (UKCCSG). Eur. J. Cancer 1999, 35, 1698-1704. 

38. Elomaa, I.; Blomqvist, CP.; Saeter, G.; Akerman, M.; Stenwig, E.; Wiebe, T.; Bjork, O.; 
Alvegard, TA. Five-year results in Ewing's sarcoma. The Scandinavian Sarcoma Group 
experience with the SSG IX protocol. Eur. J. Cancer 2000, 36, 875-880. 

39. Schuck, A.; Ahrens, S.; Paulussen, M.; Kuhlen, M.; Konemann, S.; Rube, C; Winkelmann, W.; 
Kotz, R.; Dunst, J.; Willich, N.; et al. Local therapy in localized Ewing tumors: Results of 1058 
patients treated in the CESS 81, CESS 86, and EICESS 92 trials. Int. J. Radiat. Oncol. Biol. Phys. 
2003, 55, 168-177. 



Cancers 2014, 6 



126 



40. Bacci, G.; Toni, A.; Avella, M.; Manfrini, M.; Sudanese, A.; Ciaroni, D.; Boriani, S.; Emiliani, E.; 
Campanacci, M. Long-terai results in 144 localized Ewing's sarcoma patients treated with 
combined therapy. Cancer 1989, 63, 1477-1486. 

41. Wilkins, R.M.; Pritchard, D.J.; Burgert, E.O., Jr.; Unni, K.K. Ewing's sarcoma of bone. 
Experiences with 140 patients. Cancer 1986, 58, 2551-2555. 

42. Burgert, E.O., Jr.; Unni, K.K. The role of radiation therapy in the management of nonmetastatic 
Ewing's sarcoma of bone. Report of the Intergroup Ewing's sarcoma study. Int. J. Radiat. Oncol. 
Biol.Phys. 1981, 7, 141-145. 

43. Jurgens, H.; Bier, V.; Dunst, J.; Harms, D.; Jobke, A.; Kotz, R.; Kiihl, J.; Muller-Weihrich, S.; 
Ritter, J.; Salzer-Kuntschik, M.; et al. The German Society of Pediatric Oncology Cooperative 
Ewing Sarcoma Studies CESS 81/86: Report after 6 1/2 years. Klin. Padiatr. 1988, 200, 243-252. 

44. Dunst, J.; Sauer, R.; Burgers, J.M.; Hawliczek, R.; Kiirten, R.; Midler, R.P.; Wannenmacher, M.; 
Jurgens, H. Radiotherapy in ewing sarcoma: Current results of the german society of pediatric 
oncology studies CESS 81 and CESS 86. Klin. Padiatr. 1988, 200, 261-266. 

45. Jurgens, H.; Exner, U.; Gardner, H.; Harms, D.; Michaelis, J.; Sauer, R.; Treuner, J.; Voute, T.; 
Winkelmann, W.; Winkler, K; et al. Multidisciplinary treatment of primary Ewing's sarcoma of 
bone. A 6-year experience of a European cooperative trial. Cancer 1988, 61, 23-32. 

46. Rombi, B.; Delaney, T.F.; Macdonald, S.M.; Huang, M.S.; Ebb, D.H.; Liebsch, N.J.; 
Raskin, K.A.; Yeap, B.Y.; Marcus, K.J.; Tarbell, N.J.; et al. Proton radiotherapy for pediatric 
Ewing's sarcoma: Initial clinical outcomes. Int. J. Radiat. Oncol. Biol. Phys. 2011, 82, 1 142-1 148. 

47. Gray, S.T.; Chen, Y.L.; Lin, D.T. Efficacy of proton beam therapy in the treatment of Ewing's 
sarcoma of the paranasal sinuses and anterior skull base. Skull Base 2009, 19, 409-416. 

48. Cummings, B.J.; Hodson, D.I.; Bush, R.S. Chordoma: The results of megavoltage radiation 
therapy. Int. J. Radiat. Oncol. Biol. Phys. 1983, 9, 633-642. 

49. Heffelfinger, M.J.; Dahlin, D.C.; MacCarty, C.S.; Beabout, J.W. Chordomas and cartilaginous 
tumors at the skull base. Cancer 1973, 32, 410-420. 

50. Wold, L.E.; Laws, E.R., Jr. Cranial chordomas in children and young adults. J. Neurosurg. 1983, 
59, 1043-1047. 

51. Borba, L.A.B.; Al-Mefty, O.; Mrak, R.E.; Suen, J. Cranialchordomas in children and adolescents. 
J. Neurosurg. 1996, 84, 584-591. 

52. Hoch, B.L.; Nielsen, G.P.; Liebsch, N.J.; Rosenberg, A.E. Base of skull chordomas in children 
and adolescents: A clinicopathologic study of 73 cases. Am. J. Surg. Pathol. 2006, 30, 811-818. 

53. Noel, G.; Harbrand, J.L.; Jauffret, E. Radiation therapy for chordoma and chondrosarcoma of the 
skull base and the cervical spine. Strahlenther. Onkol. 2003, 179, 241-247. 

54. Hug, E.B.; Slater, J.D. Proton radiotherapy for chordomas and chondrosarcomas of the skull base. 
Neurosurg. Clin. N. Am. 2000, 11, 627-634. 

55. Schulz-Ertner, D.; Nikoghosyan, A.; Thilmann, C; Haberer, T.; Jakel, O.; Karger, C; Kraft, G.; 
Wannenmacher, M.; Debus, J. Results of carbon ion radiotherapy in 152 patients. Int. J. Radiat. 
Oncol. Biol. Phys. 2004, 58, 631-640. 

56. Tzortzidis, F.; Elahi, F.; Wright, D.; Natarajan, S.K.; Sekhar, L.N. Patient outcome at long-term 
follow-up after aggressive microsurgical resection of cranial base chordomas. Neurosurgery 2006, 
59, 230-237. 



Cancers 2014, 6 



127 



57. Boriani, S.; Bandiera, S.; Biagini, R.; Bacchini, P.; Boriani, L.; Cappuccio, M.; Chevalley, F.; 
Gasbarrini, A.; Picci, P.; Weinstein, J.N. Chordoma of the mobile spine: Fifty years of experience. 
Spine 2006, 37,493-503. 

58. Fuchs, B.; Dickey, I.D.; Yaszemski, M.J.; Inwards, C.Y.; Sim, F.H. Operative management of 
sacral chordoma. J. Bone Joint Surg. Am. 2005, 87, 221 1-2216. 

59. Munzenrider, J.E.; Liebsch, N.J. Proton therapy for tumors of the skull base. Strahlenther. Onkol. 
1999,775,57-63. 

60. Hug, E.B.; Loredo, L.N.; Slater, J.D.; DeVries, A.; Grove, R.I.; Schaefer, R.A.; Rosenberg, A.E.; 
Slater, J.M. Proton radiation therapy for chordomas and chondrosarcomas of the skull base. 
J. Neurosurg. 1999, 91, 432-439. 

61. Montgomery, A.H.; Wolman, I.J. Sacrococcy gealchordomas in children. Am. J. Dis. Child. 1973, 
46, 1263-1281. 

62. Habrand, J.L.; Schneider, R.; Alapetite, C; Feuvret, L.; Petras, S.; Datchary, J.; Grill, J.; Noel, G.; 
Helfre, S.; Ferrand, R.; et al. Proton therapy in pediatric skull base and cervical canal low-grade 
bone malignancies. Int. J. Radiat. Oncol. Biol. Phys. 2008, 71, 672-675. 

63. Hug, E.B.; Sweeney, R.A.; Nurre, P.M.; Holloway, K.C.; Slater, J.D.; Munzenrider, J.E. Proton 
radiotherapy in management of pediatric base of skull tumors. Int. J. Radiat. Oncol. Biol. Phys. 
2002, 52, 1017-1024. 

64. Debus, J.; Hug, E.B.; Liebsch, N.J.; O'Farrel, D.; Finkelstein, D.; Efird, J.; Munzenrider, J.E. 
Brainstem tolerance to conformal radiotherapy of skull base tumors. Int. J. Radiat. Oncol. Biol. 
Phys. 1997, 39, 967-975. 

65. Nielsen, G.P.; Rosenberg, A.E.; Liebsch, N.J. Chordomas of the base of skull in children and 
adolescents: A clinicopathologic study of 35 cases. Mod. Pathol. 1996, 9, 11 A. 

66. Yasuda, M.; Bresson, D.; Chibbaro, S.; Cornelius, J.F.; Polivka, M.; Feuvret, L.; Takayasu, M.; 
George, B. Chordomas of the skull base and cervical spine: Clinical outcomes associated with a 
multimodal surgical resection combined with proton-beam radiation in 40 patients. Neurosurg. 
Rev. 2012,35, 171-182. 

67. Rutz, H.P.; Weber, D.C.; Sugahara, S.; Timmermann, B.; Lomax, A.J.; Bolsi, A.; Pedroni, E.; 
Coray, A.; Jermann, M.; Goitein, G. Extracranialchordoma: Outcome in patients treated with 
function-preserving surgery followed by spot-scanning proton beam irradiation. Int. J. Radiat. 
Oncol. Biol. Phys. 2007, 67, 512-520. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



